Abstract. Submicron particles collected at Whistler, British Columbia, at 1020 m a.s.l. during May and June 2008 on Teflon filters were analyzed by Fourier transform infrared (FTIR) and X-ray fluorescence (XRF) techniques for organic functional groups (OFG) and elemental composition. Organic mass (OM) concentrations ranged from less than 0.5 to 3.1 µg m −3 , with a project mean and standard deviation of 1.3±1.0 µg m −3 and 0.21±0.16 µg m −3 for OM and sulfate, respectively. On average, organic hydroxyl, alkane, and carboxylic acid groups represented 34%, 33%, and 23% of OM, respectively. Ketone, amine and organosulfate groups constituted 6%, 5%, and <1% of the average organic aerosol composition, respectively. Measurements of volatile organic compounds (VOC), including isoprene and monoterpenes from biogenic VOC (BVOC) emissions and their oxidation products (methyl-vinylketone/methacrolein, MVK/MACR), were made using co-located proton transfer reaction mass spectrometry (PTR-MS). We present chemically-specific evidence of OFG associated with BVOC emissions. Positive matrix factorization (PMF) analysis attributed 65% of the campaign OM to biogenic sources, based on the correlations of one factor to monoterpenes and MVK/MACR. The remaining fraction was attributed to anthropogenic sources based on a correlation to sulfate. The functional group composition of the biogenic factor (consisting of 32% alkane, 25% carboxylic acid, 21% organic hydroxyl, 16% ketone, and 6% amine groups) was similar to that of secondary orCorrespondence to: L. M. Russell (lmrussell@ucsd.edu) ganic aerosol (SOA) reported from the oxidation of BVOCs in laboratory chamber studies, providing evidence that the magnitude and chemical composition of biogenic SOA simulated in the laboratory is similar to that found in actual atmospheric conditions. The biogenic factor OM is also correlated to dust elements, indicating that dust may act as a nonacidic SOA sink. This role is supported by the organic functional group composition and morphology of single particles, which were analyzed by scanning transmission X-ray microscopy near edge X-ray absorption fine structure (STXM-NEXAFS).
Introduction
There is strong evidence that biogenic volatile organic compounds (BVOC) produce a large fraction of secondary organic aerosol (SOA). Globally, BVOC emissions may be 10 times greater than anthropogenic VOC emissions (Seinfeld and Pandis, 2006) . Oxidation of BVOC yields a large biogenic contribution to SOA, with estimates ranging from 12 to 70 Tg/yr (Hallquist et al., 2009 ). There are many uncertainties in the estimates of SOA from BVOC, including the BVOC emissions, reaction yields, and oxidant levels (Simpson et al., 2007) . Models predict that by 2100 the global SOA burden will double, as a result of increased biogenic SOA as well as human activities (Tsigaridis and Kanakidou, 2007) . The influence of biogenic sources on global SOA is large and is also expected to increase with predicted changes in temperature, vegetation, and CO 2 levels (Tsigaridis and Kanakidou, 2007) . On average 60±10% of organic carbon
Published by Copernicus Publications on behalf of the European Geosciences Union. 5076 R. E. Schwartz et al.: Biogenic oxidized organic functional groups in aerosol particles (OC) in Europe during the summer has been attributed to biogenic sources, and it is suggested that biogenic SOA far exceeds anthropogenic SOA in the summer even in urban centers such as Zürich (Szidat et al., 2006) . The importance of BVOC oxidation to particle mass and number has been demonstrated by a number of studies influenced by a variety of different forested regions (Leaitch et al., 1999; Kulmala et al., 2001; Sellegri et. al., 2004; Rissanen et al., 2006; Russell et al., 2007) . A peak biogenic SOA concentration of 15 µg m −3 (the largest to date) was reported at a rural site north of Toronto in Ontario, Canada (Slowik et al., 2010) .
Laboratory chamber studies have identified several products of isoprene oxidation and of monoterpene oxidation; these products include carbonyls (both ketones and aldehydes), organic acids and hydroxyls, including triols and tetrols (Surratt et al., 2006; Kroll et al., 2006) , and small amounts of organosulfates (Surratt et al., 2008) . Significant progress has been made on understanding the proposed chemical mechanisms of the pathways for oxidation of BVOCs to form SOA (Surratt et al., 2010; Paulot et al., 2009 ). These controlled experiments have been run under a variety of conditions (varying oxidant concentrations, light, seed aerosol, relative humidity, and temperature), although almost always with only a single oxidant (Hallquist et al., 2009; Kanakidou et al., 2005) . From measured stable products, likely pathways and intermediates have been proposed and varying yields have been calculated. In addition, the chemical composition of laboratory-produced biogenic SOA has been observed to change for some time after SOA formation has slowed (Sax et al., 2005) .
There is very little evidence that these products identified in the laboratory are formed and persist in the real atmosphere. The pathways that are the most significant and relevant for atmospheric conditions remain unknown (Kanakidou et al., 2005; Hallquist et al., 2009) . Laboratory chamber studies have provided quantitative information on specific pathways and yields, but they typically use controlled conditions with a single oxidant and no competing reactantsan idealized situation rarely encountered in the atmosphere. In addition, as a result of the sensitivity of aerosol formation to the concentration of NO x , the mass yields determined in the lab may not accurately represent those of ambient aerosol (Seinfeld and Pandis, 2006) . Further ambient measurements of biogenic SOA are necessary to guide the myriad of results arising from chamber studies by providing constraints of real atmospheric conditions. However, the complexity of multiple atmospheric variables (such as transport times, mixing efficiencies, and multiple co-located sources) and their interplay in ambient conditions, as well as the multitude of different organic compounds, make ambient organic identification more challenging and often more limited than controlled laboratory studies (Goldstein and Galbally, 2007) . Some methods such as gas chromatography-mass spectrometry can identify specific chemical biogenic SOA tracers but are limited to identifying only a fraction (at best <25%) of the atmospheric aerosol (Cahill et al., 2006) . In situ atmospheric measurements have provided evidence that biogenic SOA has high ratios of oxygen to carbon. The large concentrations of biogenic SOA measured at Egbert, Canada, were constrained by a lower limit of the less-oxygenated organic aerosol (OOA-2, O/C ∼0.46) and an upper limit of the weighted sum of the more-oxygenated OOA-1 (O/C ∼0.81) and OOA-2 (Slowik et al., 2010) . Slowik and colleagues approximate the O/C ratio from the fraction of m/z 44 (CO + 2 ion) in the total organic mass spectrum, as presented by Aiken et al. (2008) .
In this paper, we use an expanded suite of instrumentation and statistical techniques to present chemically-specific evidence for organic functional groups (OFG) associated with biogenic VOC emissions. The suite of gas and particle phase measurements at a mid-mountain site in the forests of Whistler, British Columbia, in May and June of 2008 are used to identify the sources and composition of the organic mass during this study, providing an opportunity to compare products observed in laboratory chamber studies to those formed under atmospheric conditions.
Methods
Atmospheric particles and gases were sampled by a suite of co-located instruments during a one-month campaign at a site in Whistler, BC, at 1020 m above sea level (a.s.l.). The valleys surrounding Whistler Mountain are lined by trees up to about 1850 m a.s.l. The forests are largely coniferous, dominated by firs and hemlock. The measurements at the Children's Learning Center (CLC) building on Whistler mountain included Fourier transform infrared (FTIR) spectroscopy, high-resolution time-of-flight aerosol mass spectrometry (HR-ToF-AMS), proton-transfer reaction mass spectrometry (PTR-MS), X-ray fluorescence (XRF), single particle soot photometer (SP2), Scanning Transmission X-Ray Microscopy with Near-Edge Absorption Fine Structure (STXM-NEXAFS), gas phase compounds (CO, O 3 , NO x ), and meteorological conditions from 16 May to 16 June 2008. In addition, Environment Canada (EC) maintains measurements of ozone, CO, particle size distributions (0.01-20 µm), ionic composition, light scattering, and light absorption at Whistler Peak at 2182 m a.s.l. .
FTIR provides organic functional group concentrations through chemical bond-based measurements (Russell et al., 2009a) . Submicron particles were collected on 37 mm Teflon filters (Pall Inc.) downstream of a 1-µm, sharp-cut cyclone (SCC 2.229 PM 1 , BGI Inc.). Overlapping duplicate samples of approximately 12 and 24 h duration were collected to provide redundant and higher loading samples. Filter changes generally occurred each morning (between 6 and 8 a.m. PST) and each evening (between 5 and 8 p.m. PST). Back filters were collected to monitor VOC adsorption by the filter material and handling artifacts, although the FTIR absorption of these filters was below detection limit (bdl) in all cases. The standard deviation of the collected blanks was added to the calculation of the sample precision. FTIR spectra, measured with a Tensor 27 spectrometer (Bruker, Billerica, MA), were fit with polynomial baselines and peaks associated with each OFG, including alkane, carboxylic acid, organic hydroxyl, amine, organosulfate, and non-acidic carbonyl (ester or ketone) group concentrations (Maria et al., 2002; Gilardoni et al., 2007; Russell et al., 2009a) . Alkene, aromatic, phenol, and organonitrate groups were below detection limit for all samples collected during this project.
High resolution time-of-flight Aerosol Mass Spectrometry (HR-ToF-AMS, Aerodyne Research Inc., Billerica, MA) provides real-time measurements of non-refractory compounds including sulfate, nitrate, and organic mass through production of mass fragments by electron impact and detected by their mass to charge ratio (m/z) (Jayne et al., 2000; DeCarlo et al., 2006; . The AMS was operated in two modes: V and W-mode. The high mass resolution of W-mode (3000-5000) allowed fragments of nominally the same m/z to be quantified separately, thereby enabling a distinction between hydrocarbon (C x H y ) and oxygenated hydrocarbon (for example, C x−1 H y−4 O). W-mode data analysis (i.e. quantification of individual m/z with better than unit mass resolution) for this study was completed using a custom algorithm that incorporated a peak fitting procedure, typical AMS correction factors, and the correction for O/C suggested by Aiken et al. (2008) .
Mixing ratios of selected VOCs were measured using high-sensitivity PTR-MS acquired from IONICON Analytik (Innsbruck, Austria). PTR-MS measures VOC concentrations from mass fragments of VOCs with a proton affinity higher than that of water, including monoterpenes and isoprene which are taken to be representative of BVOC emissions (Guenther et al., 1995) . In brief, ambient air is pumped into a drift tube where VOCs undergo proton-transfer reaction with H 3 O + ions produced by the ion source. Species with a proton affinity higher than water form stable ions that are selected with respect to m/z and counted (de Gouw et al., 2009 ). The particular PTR-MS instrument and the sampling and calibration methods used here have been described previously (Vlasenko et al., 2009) . One difference in operations was that a heated (350 • C) platinum glass wool catalyst (Shimadzu Scientific Instruments, Columbia, MD) was used for automatic background collection (for 14 min every 3 h), as opposed to the activated charcoal used in the earlier study. As previously, a 500 ppb Apel-Reimer standard was employed (with 22 calibration points), which contained isoprene, α-pinene, and limonene. We assume that all monoterpenes are detected with the same average sensitivity as that measured for the sum of α-pinene and limonene. Methanol and acetone were also measured. Similarly, we report mixing ratios for the sum of methacrolein (MACR) and methylvinylketone (MVK) that are detected at the same m/z by the PTR-MS.
MVK was calibrated with the Apel-Reimer standard, and we assume MACR has the same sensitivity. Detection of other BVOCs such as pinonaldehyde was not possible because of low mixing ratios near the instrument's detection limit during the campaign.
A single particle soot photometer (SP2) (Droplet Measurement Technologies, Boulder, CO) was used to measure black carbon (BC) in particles containing BC cores larger than about 70 nm diameter (Stephens et al., 2003; Schwarz et al., 2006; Slowik et al., 2007) . Briefly, an air stream that contains BC passes through an air jet and intersects an intracavity and continuous Nd:YAG laser beam at 1064 nm wavelength. BC particles absorb the laser light and are heated to reach incandescence. The emitted incandescence light is detected using photomultiplier detectors. The peak incandescence signal is proportional to BC mass. The detector signals from individual particles are recorded at a high frequency, allowing the signals of each particle to be recorded and stored for further analysis. BC particle number concentrations are obtained by integrating the individual particles of different sizes from 70 nm and up.
X-ray fluorescence analysis (XRF) of the same filters used for FTIR was carried out at Chester LabNet (Tigard, Oregon) and provides elemental composition of metals heavier than Na (Maria et al., 2003) , including S, Si, Al, Fe, Ca, Ti, V, K, Cr, Mn, Ni, Zn, and Br. The remaining elements heavier than Na (including Na) are also detected by this method but are omitted from this discussion because more than 34 of the 49 samples were below the detection limit.
Samples of atmospheric particles were collected for Scanning Transmission X-ray Microscopy Near Edge X-ray Absorption Fine Spectra (STXM-NEXAFS) by impaction on silicon nitride windows during 12 sampling periods, each of approximately 30 to 60 min. STXM-NEXAFS provides single particle chemical composition, size, and morphology measurements (Takahama et al., 2007 (Takahama et al., , 2010 . Of these 12 samples, 89 particles from four windows were analyzed at the Advanced Light Source (ALS) at the Lawrence Berkeley Laboratories (LBL).
The submicron organic mass (OM) measured by FTIR and Q-AMS has been shown to agree within 20% in ambient studies with primarily non-refractory, smaller than 500 nm, particles (Russell et al., 2009b) . Figure 1 shows the comparison between the V mode of HR-ToF-AMS and FTIR OM measurements, for which the AMS OM concentrations were averaged for the filter sampling period and only samples in which the AMS measured OM for more than 85% of the sample duration are included. The average FTIR to V-mode HRTof-AMS ratio is 1.6 with correlation coefficient (r) equal to 0.85. Several of the samples with higher FTIR than AMS OM concentrations also contained a significant concentration of dust (as illustrated in Fig. 1 ), suggesting that OM on submicron dust is not adequately measured by the AMS. This result is consistent with similar findings in a high-dust region reported by . Samples with Si and Barrie, 2002) show that most of the XRF S is present as sulfate. This implies that a portion of sulfate is not detected by the AMS and may be the result of the collection efficiency for sulfate and the transmission efficiency of the AMS. The different fractions of OM and sulfur collected by the AMS relative to offline impactors suggest that a majority of the OM is not present on the same particles as the sulfate.
Results
Whistler peak is influenced by long range transported particles from Asia in the early-spring, by biogenic aerosols in the late-spring and summer , and occasionally by biomass burning aerosols in summer. Vancouver is 100 km southwest of Whistler and is the closest large city. During the 2008 measurements at the mid-mountain site, the lack of nearby large pollution sources and specific meteorological conditions resulted in lower concentrations of atmospheric oxidants in the valley. The project means and standard deviations of NO x and O 3 concentration, measured using a TECO 42C and TECO 49C (Thermo Electron Corporation, Waltham, MA), were 1.5±1 and 28±11 ppbv, respectively (as listed in Table 1 ). The mean NO x is dominated by relatively short-lived increases due to local traffic and the morning breakup of the nocturnal inversion that formed below the CLC. The tall spikes in BC number concentration, shown in Fig. 2d , are attributed to diesel trucks from a nearby mountain road. The lower but broader increases in BC concentration during the late mornings are related to the nocturnal inversion breakup that carried pollutants accumulated over Whistler village through the site; the latter was rapidly diluted as the boundary layer grew. These factors account for less than a 10% increase in the 12 h average of more than 90% of the filter sampling periods. Overall these BC number concentrations are quite low (Jacobson, 2002) , and there is no evidence to suggest the local truck emissions contributed more than 10% of OM. The OFG composition is shown in Fig. 2a for the May and June 2008 measurement campaign. OM was composed of alkane, carboxylic acid, ketone, organic hydroxyl, and amine groups, with five samples containing detectable organosulfate groups. OM was variable throughout the project, ranging from less than 0.5 to 3.1 µg m −3 , with the project mean and standard deviation at 1.3±1.0 µg m −3 . On average, organic hydroxyl, alkane, and carboxylic acid groups represented 34%, 33%, and 23% of OM, respectively. Ketone, amine, and organosulfate groups made up 6%, 5%, and <1% of the average organic aerosol composition, respectively.
The OFG concentrations show correlations with each other and dust, suggesting at least two distinct types of organic sources. Organic hydroxyl group fraction is mildly correlated to amine group fractions. In addition, organic hydroxyl and amine groups are strongly (r = 0.8) and mildly (r = 0.6) correlated with dust (Si), respectively, while alkane and carboxylic acid groups show no correlation (r < 0.25) to dust (Si). These differences suggest at least two distinct sources with varying OFG signatures contributing to OM. There are weak correlations among several of the OFG and VOC. Weak correlations are consistent with both the formation of OFG from VOCs that are simultaneously removed as well as the multivariate nature of the dependence of OM on mixtures of sources, oxidants, and photochemical pathways.
A prominent feature of the time series of the summed OFG and BVOCs shown in Fig. 2a , b is the two large peaks in concentration during two different periods, "H1" (from 18:00 PST 16 May to 13:00 PST 19 May) and "H2" (from 18:00 PST 24 May to 08:00 PST 28 May). The time between and after these two periods also includes significantly increased concentrations of both monoterpenes (38 to 210 ppt) and OM (0.1 to 2.3 µg m −3 ). The temporal variations of isoprene and monoterpene concentrations are only weakly correlated. Secondary, longer-lived oxidation products of BVOCs, such as MVK/MACR, which in general had low mixing ratio values (a factor two higher than instrument noise), also had higher concentrations during H1 and H2 (listed in Table 1 ). Note: OFG in which samples were bdl for greater than 75% of the samples are removed, PTR-MS measurements when the VOC were measured adl for more than 80% of the filter time are used. Bdl XRF were set to zero. The sum of the summed biogenic and combustion factor project OM (1.2 µgm −3 ) was used to calculate the project biogenic fraction of 65%. All high resolution measurements are averaged over FTIR filter time periods; all averages and standard deviations are time weighted by filter duration.
An interesting feature of the local activities near the mid-mountain site was a nearly continuous background of submicron dust components ranging from about 0.02 to 0.8 µg m −3 . This submicron dust is probably associated with local sources because of its substantial concentration, its weak correlation with local wind speed, and the lack of evidence for free tropospheric influence of long-range transported Asian aerosols. The lack of a significant difference in day and night concentrations suggests that the submicron dust was either sufficiently long-lived that there was no temporal correlation to specific daytime activities on the mountain or that the majority of the dust was windblown rather than activity-related. The submicron dust elemental concentrations (Fig. 3) were present in ratios similar to those found in Asia and North America ).The trace metal measurements from XRF included S, Si, and Al, each with campaign average concentrations greater than 50 ng m −3 . Fe, Ca, Ti, V, Cr, Mn, Ni, Zn, and Br contributed from 0.4 to 34 ng m −3 over the study. The concentrations of crustal elements are shown in Fig. 2c .
We apply Positive Matrix Factorization (PMF, using PMF2 software purchased from P. Paatero, Helsinki University, based on Paatero and Tapper, 1994) to separate the fraction of the OFG that is most closely associated with the same sources as the BVOC emissions. This method has been used previously on FTIR spectra to identify and separate combustion, wood burning, marine, and other sources (Russell et al., 2009a Liu et al., 2009; . PMF was applied on the 80 baselined FTIR spectra collected for 12 and 24 h samples, using an uncertainty matrix constructed as discussed in Russell et al. (2009a) . Results for 2, 3, 4, 5, and 6 factor solutions with rotation parameter FPEAK of −0.4, −0.2, 0, 0.2, and 0.4 were explored. For more than four factors, two or more factors were correlated to each other, indicating that the measurements were insufficient to differentiate additional independent factors. For the four-factor solution the FPEAK range was expanded to −2 to 2, and the Q values as a function of FPEAK were examined (Ulbrich et al., 2009). The effects of rotation close to zero were small, and those further from zero provide unrealistic spectra. FPEAK=0.2 was chosen for detailed investigation because of its low Q value and realistic spectra shape. To provide an estimate of the PMF spectra uncertainties, spectra for a range of three rotations are shown in Fig. 4 .
The four-factor solution reproduced more than 90% of the absorbance. Three of the four factors obtained from this correlation were mildly or weakly correlated with monoterpene or isoprene concentrations and each other. Since these correlations mean that the factors were not independent, their sum is considered here as parts of a single factor (shown in to monoterpenes and MVK/MACR with correlation coefficients of 0.69 and 0.63, respectively, as shown in Fig. 5a , b. Because of the correlation to BVOC, this factor has been identified as a "biogenic" factor; it accounts for more than half of the OM (65%) during the project and is more than 80% of OM during the H1 and H2 periods of higher monoterpene and isoprene concentrations. The fourth factor from PMF was weakly anti-correlated to monoterpenes (r = −0.44), weakly correlated to BC, and mildly correlated to AMS sulfate and XRF S concentrations (Fig. 5d) . The correlation to sulfur species suggests a fossil fuel combustion source for this OM and is referred to as the "combustion" factor. This factor may also include contributions from the port and urban areas of Vancouver as well as particles transported from Asian sources. The average concentrations of the summed biogenic and combustion factors and their fractional composition of OFG are listed in Tables 1 and 2 , respectively. The summed biogenic factor is composed of 32% (32-38%) alkane, 25% (22-25%) carboxylic acid, 21% (19-21%) organic hydroxyl, 16% (12-16%) ketone, and 6% (6-7%) amine groups, where the range is for the PMF rotations shown in Fig. 4 . The combustion factor is largely alkane (52%, 50-57% ) and carboxylic acid (30%, 24-33%) groups.
The correlation of the biogenic factor fraction with monoterpenes of r = 0.69 is higher than the correlation of OM with monoterpenes (r = 0.33). This correlation of the biogenic factor OM to monoterpenes is also higher than that of the OOA-2 factor identified from the more rapid time resolution AMS measurements at Egbert, ON (Slowik et al., 2010) , because that factor was associated with both anthropogenic and biogenic sources during different time periods of the study. In addition, the Egbert site was ≥12 h downwind of the main BVOC emission sources rather than in the middle of the forest as at Whistler, resulting in closer correlation between BVOC precursors and SOA reaction products. It is also possible that the 12 h sample duration is sufficient to smear the time delay for the oxidation of monoterpenes and condensation of the oxidized products to form SOA, which we expect to be less than 10 h in similar atmospheric conditions . The correlation of BVOC concentrations to the biogenic OM factor identified by PMF is stronger than the correlations to the directly-measured OFG, supporting the interpretation of this factor as representing the fraction of the OM from a biogenic source. The biogenic factor is also correlated strongly (r > 0.75) or mildly (0.5 < r < 0.75) with elements often used as tracers for dust (Al, Si, K, Ti, and Fe), in part because of two high concentration samples. The correlation between the biogenic factor fraction and Si (r = 0.63) is shown in Fig. 5c . The three individual parts of the summed biogenic factor show different strong, mild, and weak correlations with specific BVOC, OFG, and dust. For this reason, even though these three parts of the summed biogenic factor have sources that co-vary too much to be resolved independently, we consider the characteristics that differentiate each part. The first part of the biogenic factor, Part 1, consists mostly of organic hydroxyl groups (69%, 68-72%) and is strongly correlated to the dust signal. To evaluate the role that the particle substrate may play in heterogeneous formation of SOA, we have also considered the correlation of the product of Si and monoterpene concentrations with this part of the biogenic factor; this correlation is strong with r = 0.93, with this correlation coefficient exceeding those of monoterpenes with the summed biogenic factor or with either of the other two parts. The second and smallest biogenic factor part, Part 2, is mildly correlated with monoterpenes (r = 0.64). This factor consists primarily of alkane (66%, 56-66%) and acid (25%, 24-32%) groups. Part 3 of the summed biogenic factor is weakly (r = 0.30) correlated with isoprene when we include samples with above detection limit (adl) isoprene measurements for more than 50% of the filter time (and OM bdl samples are included). This factor has a significant fraction of ketone groups (36%, 31-38%). In summary, the differences in the parts of the summed biogenic factor likely represent the products of different types of BVOC (namely isoprene and monoterpenes) as well as different SOA formation processes (such as condensation of organic hydroxyl group-containing products on dust instead of further oxidation to ketone or acid groups).
Discussion
Since OFG are characteristic of the organic compounds they make up, we expect the composition of the biogenic factor to resemble the composition of laboratory chamber SOA produced from oxidation of monoterpenes and isoprene. Table 2 summarizes the mass fractions of OFG in the reported SOA products from oxidation of monoterpenes, isoprene, and their mixtures. The observed ambient biogenic factor has 16% ketone groups, which is similar to the 10-17% ketone groups from the reported smog chamber products 10-hydroxypinonic acid, pinonaldehyde, pinonic acid, and methylglyoxal sulfates (isomer 1) (Hallquist et al., 2009 ). The organic hydroxyl group composition (21%) is similar to that of 3-hydroxyglutaric acid (16%), 2-hydroxymethylsuccinic acid (16%), and glyoxal sulfate (15%), as shown in Table 2 . The carboxylic acid fraction (25%) is similar to that found for pinonic acid (24%). The summed biogenic OM factor, like both C5-alkene triols isomers has an average O/C of 0.6. Several compounds shown in Table 2 contain small contributions of OFG not identified in the Whistler biogenic factor, and no single compound exactly matches the measured biogenic OFG composition. However, there are possible combinations, such as, a 2:1 ratio of pinonic acid to methyltetrol, that nearly reconstruct the overall biogenic factor OFG composition. Multiple combinations of more than 2 compounds also resemble the overall biogenic factor OFG composition.
Certainly there are many unidentified compounds that also contribute to the chamber SOA, and Table 2 shows only the similarity of the OFG in the identified compounds with those in the summed biogenic factor. To compare to the overall chamber SOA composition, we see that the O/C ratio of the summed biogenic factor is slightly higher than the values for smog chamber SOA from both monoterpene and isoprene reactions (0.37 to 0.57) (Hallquist et al., 2009 ), but the chamber data are well within the range of Parts 2 (0.2) and 3 (0.6). The summed biogenic factor O/C also exceeds the O/C of the OOA-2 factor (∼0.46), which was during an identified biogenic period associated with biogenic SOA at Egbert (Slowik et al., 2010) . The higher O/C of the Whistler biogenic SOA could easily result from differences in atmospheric oxidant concentrations as well as in sampling methodology, since the high O/C (1.1) in the organic hydroxyl group-containing Part 1 of the summed biogenic factor is likely formed on dust which is absent in chamber studies and either absent or not sampled at Egbert. To identify the locations of the biogenic and combustion OM factors, we used Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT, http://www.arl.noaa.gov/ HYSPLIT.php) back trajectories to evaluate the probability that the times during which the OM was largely from one factor (above the 75th percentile) coincided with a particular back trajectory region. We investigated 1 and 3 day back trajectories and chose the former, since the 3-day trajectories were disproportionately affected by a few unusual samples that did not reflect the majority of the study measurements. Figure 6 shows the one-day HYSPLIT back trajectories and maps of potential source contribution functions (PSCF) of monoterpenes, the summed biogenic factor, and the combustion factor (Pekney et al., 2006) . The PSCF calculation indicates that the source regions of monoterpenes and the summed biogenic factor largely coincide with the forested regions to the east of Whistler. The small differences in the three parts of the biogenic factor may indicate differences in BVOC emissions from the vegetation in different regions. The source region identified for the combustion factor is southwest of Whistler, including the regions near the coastal cities of Vancouver, Seattle, and Portland, as well as the offshore shipping activities associated with their ports.
The summed biogenic factor is also correlated with the oxygenated VOCs methanol (r = 0.55) and acetone (r = 0.69). This suggests that variations in these VOCs, especially acetone, are associated with products of BVOCs that may serve as precursors to the biogenic SOA or may simply be produced simultaneously (Vereecken and Peeters, 2000) . This interpretation of methanol and acetone production from local biogenic sources is supported by observed strong diurnal variations of acetone, as such variations would tend to be reduced during transport from Vancouver or some other distant anthropogenic source. The 0.02-0.8 µg m −3 concentrations of submicron dust components and the correlation of these components to the biogenic factor, suggests that dust acts as a surface for the condensation of products of BVOC oxidation. The correlation between the product of crustal elements and BVOCs with the biogenic factor (r > 0.9) provides some support for this speculation. Strong correlations between the biogenic factor and the product of OM and BVOCs (r > 0.8) are consistent with the two-product model of SOA formation, indicating that SOA condensation onto pre-existing organic particles may play a limiting role (Pankow, 1994; Odum et al., 1996) .
The weakness of the correlations with BVOCs limits our ability to develop quantitative generalizations from these results. However, if there were a 4 to 12 h delay required to form SOA from BVOCs in the atmosphere, stronger correlations would not be expected. This time delay is more evident during the short duration H1 and H2 events, as is expected for Eulerian sampling with a variable temporal offset from the source region. However, the 12 to 24 h offset between the peaks in VOCs and the peaks in SOA suggests an SOA formation timescale of under a day. In addition to the delay associated with the chemical formation of biogenic SOA, there may also be an accumulation of BVOC contributions as the aerosol passes over multiple forested regions, which would also result in a lag between the peaks in BVOC and biogenic SOA concentrations.
The non-acidic carbonyl group contribution observed during this study is similar to the OM attributed to biogenic SOA in ICARTT (Bahadur et al., 2010) and to biomass burning emissions during measurements at the Scripps pier . This observation of ketone groups associated with both the emissions of plants and the burning of plants is enabled by the suitability of FTIR for detecting ketone groups (Calogirou et al., 1999) . The high organic hydroxyl group factor, and its strong association with dust, suggests a different SOA formation pathway that has only been identified in Whistler.
In order to better understand the role of the ketone and carboxylic acid groups in biogenic SOA, we have classified the 89 particles analyzed by NEXAFS-STXM into the 14 categories presented by Takahama et al. (2007) . The two most common particle types for the 89 particles were "secondary" (type "a") and "other" (types "k", "l", and "n") containing 32 and 24 particles, respectively. The remaining particles were classified as biomass burning (types "i" and "j"), combustion (types "b" -"e", "g", "h", and "m"), and ultisol-soil (type "f"). As shown in Fig. 7 , the "other" particles have a higher ratio of ketone to carboxylic acid groups than the "secondary" particles. The "secondary" particles also tend to be larger in size. This distinction is consistent with the results from the PMF factors of the FTIR submicron filter-based measurements that most of the ketone groups are formed from a different source or process than the carboxylic acid groups, as shown in Fig. 4 by the biogenic and combustion factor OFG compositions. The size differences suggest that at least some of the higher carboxylic acid group fractions may be from cloud processing, since reactions in cloud droplets may result in high SOA yields and more particle growth (Altieri et al., 2008) . Conversely, the ketone group ratios are higher on many of the submicron particles since the higher contribution at smaller diameters suggests they are more likely to have formed from gas phase reactions (Maria et al., 2004) .
Conclusions
The ambient OM concentrations at Whistler ranged from less than 0.5 to 3.1 µg m −3 , with two distinct periods that corresponded to high concentrations of gas phase monoterpenes and isoprene as well as OM. About 65% of OM during the month-long study and over 80% during the periods of high monoterpene and isoprene concentrations was associated with secondary biogenic OM. The OFG composition of this biogenic OM differs from those compositions associated in other field campaigns with fossil fuel combustion and marine emissions (Russell et al., 2009a Liu et al., 2009) .
These findings provide one of the most unambiguous data sets for characterizing the functional group composition of ambient biogenic SOA. The presence of alkane, carboxylic acid, ketone, and organic hydroxyl groups in biogenic SOA is qualitatively consistent with both smog chamber results and with other biogenic OFG measurements (Hallquist et al., 2009; Bahadur et al., 2010) . In fact, the similarity of the quantitative contributions of OFGs in the summed biogenic factor to those in the products identified from laboratory chamber SOA provides preliminary evidence for the atmospheric importance of the production and persistence of ketone and organic hydroxyl groups rather than aldehyde or organosulfate groups. While the differences between atmospheric SOA and laboratory chamber SOA are expected given the lower levels of both oxidants and BVOCs at Whistler during the study period, the similarities provide an indication of which products are more common and more stable in the atmosphere. The absence of aldehyde groups in the ambient SOA could also result from the sampling methods, or it may indicate that aldehydes are too volatile or reactive to persist in atmospheric particles (Pan et al., 2009; Jang and Kamens, 2001 ).
